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Abstract

Crystal nucleation is important to control the product properties in industrial
crystallization processes. To investigate crystallization phenomena, methods
which rely on microscopic volumes have gained relevance over the last dec-
ade. Microfluidic devices are suitable for carrying out crystallization experi-
ments based on a large set of individual droplets in the nanoliter range. In this
work, we propose a simple method to manufacture such devices from poly-
carbonate as an alternative to conventional chips made of poly (dimethylsi-
loxane). The microfluidic device consists of two main functional parts: A
T-junction for droplet generation and a section for storage and observation of
up to 400 individual droplets. Using these manufactured devices, it is easy to
produce and store highly monodisperse droplets of substances that require
either a hydrophilic or hydrophobic surface of the microchannel. Since crystal
nucleation is a stochastic process which depends on the sample volume, a re-
producible droplet volume is of great importance for crystallization experi-
ments. The versatile applicability of the manufactured devices is demonstrated
for substances which are used in different crystallization applications, for ex-
ample, solution crystallization (aqueous potassium nitrate solution) and melt
crystallization (ethylene glycol distearate). Finally, we demonstrate that the
manufactured microfluidic devices in our experimental setup can be used to
conduct crystal nucleation measurements. Based on these measurements we
discuss our results with respect to state-of-the-art nucleation models.
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1. Introduction

Crystallization in small sample volumes is important for a variety of industrial
crystallization processes (e.g. emulsion crystallization processes [1] [2], flash-
crystallization [3]). A powerful method to investigate crystallization phenomena
in discrete volumes is microfluidics [4]. Microfluidics, for example, has been
widely used in the field of protein crystallization [5]-[12]. Furthermore, this
technique has been used as a tool to perform crystallization experiments in the
field of solution crystallization [9] [13] [14] [15] [16]. Since crystal nucleation in
small volumes is a stochastic process, experiments have to be carried out on a
large set of independent “microreactors” [17] [18] [19]. Using the classical
droplet method, these microreactors are represented by independent micro-
droplets. A reproducible droplet volume and a high level of monodispersity of
the micro droplets is an essential condition for kinetic measurements, as crystal
nucleation can be influenced by droplet volume. The continuous phase needs to
preferentially wet the channel walls throughout the dispersed phase so that the
microfluidic device can form droplets. Partial wetting of the channel walls in the
dispersed phase would lead to instable droplet generation [20]. This can be
overcome by adjusting the wetting properties of the channel walls either hydro-
phobically or hydrophilically. Under these conditions, contact between the dis-
persed phase and the channel walls is prevented due to a thin layer of the conti-
nuous phase [21] [22]. Since the channel walls may act as active nucleation cen-
ters, this is also of great importance regarding crystal nucleation experiments.

The choice of the material is of crucial importance in the fabrication of micro-
fluidic devices, since the properties of the material influences both the fabrica-
tion process and the application of the device. A wide range of materials, such as
glass, steel, poly (methylmetacrylate) (PMMA), polycarbonate (PC), poly (di-
methylsiloxane) (PDMS), polytetrafluorethylene (PTFE) or polyolefine have
been used for the fabrication of microfluidic chips [23] [24]. A key material in
the production of microfluidic devices is PDMS. The main advantages of this
material are, for example, low cost, optical transparency in the UV-visible re-
gions, chemical inertness and flexibility [25] [26].

However, PDMS also has some disadvantages which limit its application to
aqueous reactions due to its very low resistance to organic solvents [27]. One
major drawback is that PDMS swells when in contact with certain substances
(e.g. hexadecane, silicone oil and toluene) due to its porous nature. This can lead
to a significant deformation of the channel geometry [28] [29]. Consequently,
hydrodynamic flow conditions may change with increasing contact time be-
tween the solvent and the microfluidic chip. Thus, reproducible droplet genera-
tion and droplet volume can be affected.

An alternative material is PC, which has already been used for microfluidic
experiments by some research groups [12] [30] [31]. The benefits of this ma-
terial lie in its low moisture absorption, good machining properties, transpa-

rency in the visible range, biocompatibility and high glass transition tempera-
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ture (7, = 148°C) [20] [32] [33]. Furthermore, swelling problems, which are
known to occur with PDMS devices when silicone oil is used [29], can be
avoided with microfluidic devices made of PC. Since silicone oil offers some
great advantages as a carrier fluid for the generation and storage of microdrop-
lets containing an aqueous phase (e.g. chemical inertness, low cost compared to
fluorocarbon oils, a wide variety of different viscosities are available), PC is par-
ticularly interesting for crystal nucleation measurements of aqueous solutions
and water droplets. Polycarbonate also enables microfluidic crystallization expe-
riments on organic melts (e.g. hexadecane) [34] without deformation of the mi-
crofluidic geometry due to swelling.

To the best of our knowledge, the advantages of PC mentioned above have not
been used for the investigation of crystal nucleation. In this work, we use a sim-
ple method to produce microfluidic devices from PC as an alternative to con-
ventional chips made of PDMS. These devices can produce and store highly
monodisperse droplets for substances that require hydrophilic or hydrophobic
surface wetting properties without the need for sophisticated apparatuses. As the
capability of reproducible droplet formation is of great importance for crystalli-
zation experiments on a large set of individual microdroplets, we also show that
our microfluidic setup is suitable for stable droplet formation. Furthermore, we
demonstrate that the microfluidic devices produced by this method can be used
to conduct crystal nucleation measurements under well-defined conditions. The
versatile applicability of the manufactured devices is demonstrated for sub-
stances which are used in different crystallization applications, for example, so-
lution crystallization (aqueous potassium nitrate solution) and melt crystalliza-
tion (ethylene glycol distearate). Finally, we discuss different nucleation models

applied to our experimental data.

2. Materials and Methods

2.1. Materials and Reagents

Fabrication of chips

Microfluidic channels were fabricated in PC slabs (Makrolon®, Bayer) with a
thickness of 2 mm by micromilling. After milling, we sealed the PC blanks by
bonding the devices with a PC foil (Makrolon®, Bayer) with a thickness of 250
pm.

Hydrophilic and hydrophobic surface modification

We prepared two different solutions for the hydrophilic and hydrophobic
surface modification of the PC. Hydrophilic modification was performed by using
a solution of Tin (II) chloride dihydrate (=98%, Carl Roth, Germany) in ethanol
(299.9%, Merck, Germany). Hydrophobic surface modification was performed
by preparing a solution of dodecylamine (DDA, >299%, Sigma-Aldrich, Germa-
ny) in ethanol. All chemicals were used without further purification.

Crystallization experiments

We used ethylene glycol distearate (EGDS, melting temperature 7., =
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60.5°C) with a mass purity of 298% (Wako Chemicals, Germany) and a solution
of potassium nitrate (KNO,) with a mass purity of 299% (Carl Roth, Germany)
in deionized water (18.2 MQ-cm, Millipore) for the crystallization experiments.
The concentration of the KNO; solution was set to x; = 0.367 kgxyos/kg (72 =
35°C) for all experiments. Deionized water was used as a continuous phase to
generate droplets of EGDS, whereas droplets of KNO, solution were generated
in viscous silicon oil (350 mPas, Carl Roth, Germany). The KNO; solution was
filtered by means of a syringe filter (0.2 pm) prior to the experiments. All chem-

icals were used without further purification.

2.2. Fabrication of Polycarbonate Chip

We designed the geometry of the devices by means of computer-aided design
(CAD) software (PTC Creo Parametric) before milling the channels of the mi-
crofluidic device in the PC slab. A milling machine (WF4 CNC, Kunzmann,
Germany) equipped with a high-performance milling spindle (Type: 832-022,
Henninger, Germany) was used for the milling process. Depending on the chip
design, the milling process took around 2 h. With this setup, we can manufac-
ture the channels in the PC slabs accurately by using two flute micro end-mills
(Kempf, Germany) with a diameter of 200 pm and 300 pm, respectively, at a
maximum revolution speed of 30,000 rpm. The mills were cooled by an
oil-in-water emulsion during the entire milling process. The micro end-mills
used were replaced every second microfluidic chip to achieve constant channel
properties. We measured constant deviations of approximately 5% - 10% of the
nominal channel geometry. The chip blanks were cleaned from debris with
pressurized air and rinsed with detergent and deionized water after milling. The
chip blanks were then sealed with PC foil with a thickness of 250 pm via thermal
bonding close to the glass transition temperature of PC (7, = 148°C) at 7, =
146°C for 2 h in a circulating air oven (Memmert, Germany). During this
process, the chip blanks and the foil were pressed together between two glass
plates under constant pressure by using four brackets. The sealed chip was re-
moved from the oven as soon as the latter had cooled to approximately 80°C.
Finally, commonly available 800 um metal cannulas (Braun, Germany) equipped

with silicon sleeves were used as in- and outlets of the microfluidic device.

2.3. Surface Modification and Characterization

Hydrophobic and hydrophilic surface modification of the microfluidic device
was carried out by methods described elsewhere in detail [20] [32]. Hydrophobic
surface modification was achieved by flowing a solution of DDA (5 wt%) in
ethanol through the channels at a constant flow rate (1000 ul/h) and temperature
(60°C) for 2 h. A solution of SnCl, (20 wt%) in ethanol was pumped through the
microfluidic device at a flow rate of 400 pl/h at otherwise identical conditions for
hydrophilic modification. The wettability of unmodified hydrophilic and hy-
drophobic PC slabs was measured by using a sessile drop method on a contact
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angle system (G10, Kriiss, Germany) at ambient temperature. The PC samples
were cleaned with isopropyl alcohol and deionized water. Immediately after
cleaning, deionized water was placed on the surface of the samples by using a sy-
ringe and its static contact angles were measured at least three times. The topo-
graphic property of the microchannel surface was characterized by scanning
electron microscopy (Leo Evo 50, Carl Zeiss, Germany) and measured by con-
focal white light microscope (NANOFOCUS uSURF, Nanofocus, Germany). The
arithmetic average of the arithmetical mean roughness value R, and the total
height of the roughness profile R, was computed after filtering and separating
high- and low-frequency components to specify the surface roughness.

2.4. Experimental Setup and Chip Design

The device is integrated into the experimental microfluidic setup to perform
crystallization experiments. The setup consists of a CCD camera (pco.edge 5.5,
PCO AG, Germany) coupled to a stereo microscope (SZ61, Olympus), a box
with two syringe pumps (CETONI, Germany) thermostatted by a heating fan
(LE Mini Sensor, Leister Technologies, Germany) and a temperature control
unit (see Figure 1(b)) for the microfluidic device, as illustrated in Figure 1(a).
Supersaturation can be built up quickly by cooling the microfluidic device using
a Peltier element (QUICK-OHM Kiipper, Germany) to induce crystallization.
An aluminum slab with a thickness of 2 mm covered with a heat conductive foil
(KERAFOL, Germany) is placed between the Peltier element and the microflui-
dic device to avoid small temperature gradients. Since the exhaust heat of the
Peltier element needs to be removed, the Peltier element is placed on a thermos-

tatted aluminum block. During crystallization experiments, this block is kept at a

Figure 1. (a) Experimental microfluidic setup: (1) CCD camera, (2) microscope, (3)
thermostatted box with two syringe pumps, (4) polarizer and (5) measuring cell with mi-
crofluidic device. (b) 3D CAD model of the temperature control unit with microfluidic
device: (1) chip mounting, (2) microfluidic device, (3) aluminum slab (s = 2 mm) with
thermal conductive foil (s = 0.2 mm), (4) Peltier element and (5) thermostatted alumi-
num block.
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Figure 2. (a) Chip design and schematic illustration of the microfluidic device: inlets for
the dispersed and continuous phase ((1), (2)), channel to insert a thermocouple (3), one
outlet (4), the T-junction for droplet generation (marked by dotted line) and the storage
area (marked by dashed line); (b) image of a fabricated microfluidic chip.

constant temperature by using a thermostat (LAUDA, Germany).

A schematic illustration and a photograph of a fabricated microfluidic chip
are shown in Figure 2(a) and Figure 2(b), respectively. The microfluidic device
is comprised of two inlets and one outlet. The dispersed phase is injected
through inlet 1, whereas the continuous phase is injected via inlet 2 (see Figure
2(a)) by two individual syringe pumps. Droplets are continuously generated via
the T-junction (marked by the dotted line in Figure 2(a)) in the first part of the
microfluidic device. The second part of the chip design consists of the storage
area (marked by the dashed line in Figure 2(a)). The storage area consists of a
serpentine shaped storage channel to observe as many droplets as possible dur-
ing each crystallization experiment. Based on this chip design, up to 400 droplets
can be stored during each crystallization experiment. The nominal channel di-
mensions were 300 x 200 pum for experiments with the aqueous solution of
KNO; and 200 x 200 um for experiments with EGDS.

The precise knowledge of the temperature close to the storage channels is of
great importance for crystallization experiments based on cooling crystallization.
Therefore, thin thermocouples (d = 500 pum, Electronic Sensor, Germany) are
situated in and below the microfluidic device. Consequently, the actual temper-

ature in the storage area can be estimated by assuming stationary heat transfer.

3. Results and Discussion

Our microfluidic device meets several requirements for crystal nucleation expe-
riments based on cooling crystallization: i) Well-defined chip geometries and a
smooth surface of the microchannel after fabrication to perform crystallization
experiments as specified; ii) a stable surface modification to enable the produc-
tion of oil-in-water or water-in-oil droplets and to prohibit interactions between
the droplets and the channel walls that can otherwise influence crystallization;

iii) production of almost monodisperse droplets with small derivations at dif-
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ferent sizes to study the volume effect on crystallization; and iv) precise experi-
mental conditions (e.g. temperature). We demonstrate the suitability of our mi-

crofluidic device for these tasks in the following sections.

3.1. Characterization of the Microfluidic Device

Thermal bonding was applied to seal the microfluidic device with a cover foil af-
ter milling. This easy-to-use method can cause strong shape distortion of the
channel geometry in comparison to chemical or adhesive bonding methods [24].
Therefore, we checked the shape of the channels by imaging clean-cut cross sec-
tions. Figure 3 shows the cross section of the chip before and after bonding. No
significant shape dislocation is apparent. Obviously, the rectangular cross sec-
tion is preserved during the bonding process. The positive connection between
the cover foil and the PC slab is apparent in Figure 3(b) and Figure 3(d). It can
be shown that no separation occurs during the experiments, even after weeks.

In addition to the macroscopic shape of the microchannels, the topographic
quality is important for crystallization experiments. It is known that crystalliza-
tion is sensitive to foreign particles or surfaces. A rough channel surface may
lead to an undesired adherence of crystals or droplet deformation at emerged
spots and, thus, impact crystallization. We quantified the surface roughness of
the fabricated microfluidic device by confocal white light microscopy. The result
is depicted exemplarily for a hydrophobically modified microchannel as a sur-
face roughness plot in Figure 4(a). Figure 4(b) compares the R, value for all
modifications. Unmodified PC has a value of around 0.1 um. Hydrophobic sur-
face modification appears to lower this value, whereas an increased R, value of
0.6 um is found for hydrophilic PC. The same trend is apparent for the maxi-
mum height of the profile R. Hydrophilic modification causes the highest value
of around 1.4 um. Compared to common materials for crystallization vessels, for

example, stainless steel STS316L with R, in the range of 2.0 pm (unpolished) to

1000 pm 300 um
— —

Figure 3. Images of clean-cut cross sections of the micro-channels before bonding ((a),
(c)) and after bonding with a foil of PC (250 pm) via thermal bonding at 7; = 146°C ((b),
(d)) in large-scale (left) and in detail (right). The white spots (debris) within the micro-
channels in picture (c) and (d) are due to the polishing procedure.
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Figure 4. (a) Example of a typical surface roughness plot of a hydrophobically modified microchannel. The plot

shows a section of the bottom of the microchannel; (b) arithmetical mean roughness value R, (solid bar) and the

value of the maximum height of the roughness profile R (shaded bar) of unmodified, hydrophobic and hydro-

philic PC microchannels.

0.1 um (mechanical polishing), the surface roughness R, measured is acceptable
[35].

The results obtained are supported by SEM micrographs (see Figure 5). Small
irregular elevations at the surface of untreated PC, probably caused by the mil-
ling process, were visible. A different surface structure was found after hydro-
phobic modification (see Figure 5(b)). A high number of small ruptures oc-
curred in a characteristic pattern, probably aligned in the direction of flow. Ob-
servations of [20] showed a different, more irregular surface structure. In con-
trast to our work, the surface of modified PC slabs was examined instead of
milled microchannels. Changed surface properties due to the milling process
and different flow conditions during surface modification could be a reasonable
explanation. A flaky structure with extended cracks was found for hydrophilic
PC. Comparing the images, a greater roughness of hydrophilic microchannels
seems reasonable.

The most crucial aspect of surface modification is the adjustment of the wet-
tability and, thus, the qualification for stable droplet production and storage.
Both, the generation and storage of stable oil-in-water and water-in-oil droplets
is not possible with untreated PC [20]. Partial wetting of the channels walls or
separation of the two phases occurs. The advantage of PC as a chip material is
the flexibility to shift the wettability in both directions by established and
easy-to-use methods. We checked the successful application of these methods on
PC slabs. The determined contact angles of water droplets are shown in Figure
6. The contact angle changes from 84° for untreated PC to 125° after hydro-
phobic modification. Consequently, the continuous silicone oil phase wets pre-
ferentially the channel walls and aqueous droplets will form (see Figure 7(a)).
After hydrophilic modification the contact angle is 46°. Thus, the oil acts as dis-

persed phase and water as continuous phase (see Figure 7(b)). Furthermore, we
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Figure 5. (a) SEM micrographs of the milled microchannel surface structures for unmo-
dified, (b) hydrophobically and (c) hydrophilically modified PC in large-scale (left) and in

detail (right).
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Figure 6. Contact angle of deionized water on different modified PC slabs by the sessile
drop method and corresponding photographs of the droplets.

proof the successful adjustment of the surface wettability in the next chapter by a
droplet-generation study. The microfluidic devices could produce stable droplets
over a period of several weeks during the experiments, even at elevated temper-
atures up to 70°C.
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Figure 7. Generation of (a) KNO, solution droplets in silicone oil (flow rate of the conti-
nuous phase Q. = 300 pl/h) at a flow rate of the dispersed phase Q; = 120 ul/h and (b)
EGDS droplets in water (Q. = 400 ul/h) at Q; = 80 pl/h via the T-junction of the micro-
fluidic device.

3.2. Droplet Generation

Precise knowledge of the droplet volume is a crucial requirement in microfluidic
experiments to determine crystal nucleation kinetics based on the classical
droplet method. As crystal nucleation kinetics derived by means of the classical
droplet method rely on a statistical analysis, a large set of droplets (microreac-
tors) with a high degree of monodispersity is required.

In our work, droplets were generated via a T-junction by injecting the dis-
persed and continuous phase through the inlets of the microfluidic device (see
Figure 7). Flow rates were accurately (less than 1%) controlled by two pro-
grammable syringe pumps (CETONI, Germany). The chip was kept above the
liquidus temperature of the aqueous KNO, solution (7;, = 35°C) at 40°C and
above the melting temperature of EGDS (7, = 60.5°C) at 70°C during the
droplet generation process to avoid clogging of the channels.

It is possible to count the number of droplets N, produced in a certain time 7
elapsed between the first and last droplet in a recorded video sequence by re-
cording a video sequence of the droplet generation process with a CCD camera.
The mass of the dispersed phase injected by the syringe pump equals the sum of
the mass of the droplets generated. Following this, the average droplet volume

can be easily calculated as

V, =<0 — (1)

One important benefit of this method is that knowledge of the droplet and
channel dimensions is not required. Since the droplets are surrounded by a thin
film of the continuous phase, the exact droplet dimensions are hard to deter-
mine by optical methods. In addition, since some solvents induce swelling of the
channels, the channel dimensions may change with time [28] [29]. Another
drawback is that most microfluidic devices are made of flexible material, for
example, plastic, which tends to expand as a response to pressure induced by the

two-phase flow. This makes it difficult to calculate the droplet volume directly
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Figure 8. Evolution of the droplet volume as a function of the ratio of the dispersed phase to the continuous phase: (a)

aqueous solution of KNO, (7, ;= 35°C, x, = 0.367 kggyos/kg,,) as dispersed phase and silicon oil as continuous phase at

40°C, and (b) EGDS as dispersed phase and deionized water as continuous phase at 70°C.

from the dimensions of a droplet or the channel geometry [36].

Figure 8 presents the evolution of the average droplet volume as a function of
the flow rate ratio of the dispersed phase Q; to the continuous phase Q. for the
aqueous solution of KNO, (Figure 8(a)) and EGDS (Figure 8(b)). The flow rate
of the continuous phase was kept constant at 300 ul/h for droplets of aqueous
solution in silicone oil and at Q. = 400 pl/h for EGDS droplets in water. Each
droplet volume was calculated from Equation (1) by counting at least 25 drop-
lets. No significant change in the droplet volume determined was noticed with a
higher amount of counted droplets. Both graphs show a steady increase in drop-
let volume with a higher ratio of volume flow rates of the dispersed phase to the
continuous phase. Irregular droplet formation was observed for flow ratios
above Qy/ Q. = 0.7 for EGDS. We measured the droplet length and the distances
between two successive droplets while flowing through the channel with image
analysis software (Image]) to check the monodispersity of the generated drop-

lets. Small deviations of less than 5% were found.

3.3. Crystallization Experiments

We performed crystallization experiments for both aqueous KNO; droplets in
silicone oil and EGDS droplets in water to demonstrate the versatile usability of
the microfluidic device for crystallization nucleation measurements. Up to 400
droplets were generated, as explained previously, with flow rate ratios of
(Qy/ Qxnos = 0.4 and (Qy/ Q)raps = 0.2, and stored in the serpentine shaped part
of the chip. Relatively small flow rate ratios were chosen to increase the number
of droplets observable and increase the droplet distance to avoid interactions.
Once a sufficient number of droplets was stored, the flow was stopped and the
T, desired.

microfluidic device was cooled to the crystallization temperature 7.,

After approximately 60 s, the final, isothermal temperature and, therefore, su-
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persaturation was achieved and kept constant during the remaining experiment.

First crystals can already be observed in the droplets during the cooling
process at the conditions given. In the case of the aqueous KNO, droplets, KNO,
crystals grow in the solution after nucleation until supersaturation is depleted. A
detailed image of a KNO; crystal is depicted in Figure 9(a). In contrast to KNO,,
the whole EGDS droplet crystallizes after crystal nucleation occurred in the or-
ganic wax phase. This process only takes a few seconds (see Figure 9(b)).

The photographs in Figure 10 show a section of the storage area shortly after
the beginning of the experiment and after approximately 1000 s and 2000 s, re-
spectively. Polarized light was used for better detection. Hence, crystals appear
as bright pixels on the images recorded. Pictures were taken every second. Based
on such pictures, the induction time of each individual crystallization event was
recorded and the number of uncrystallized droplets was automatically counted
by an image processing program as a function of time. Here, the induction time
was taken as the time that elapses between the first buildup of supersaturation
and the first occurrence of crystals. Together with the total number of droplets,
the fraction of uncrystallized droplets A(#) can be calculated to quantify crystal-

lization.

(a)

200 pm

Figure 9. (a) Example of a KNO, crystal in a solution droplet (7,
time (7,

=23°C); (b) crystallization of a EGDS droplet over
= 54.7°C). The whole droplet crystallizes within a few seconds.
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Figure 10. Temporal evolution of uncrystallized droplet fraction for (a) aqueous KNO, droplets in silicone oil and (b)
EGDS droplets in water. The photographs show a section of the storage area of the microfluidic device after different
experimental times. The following models were applied to fit the experimental data: a single nucleation rate model
(blue dotted line, Equation (2)), a Weibull model (green dashed line, Equation (3)) and the model of Pound and La
Mer (red solid line, Equation (4)).

DOI: 10.4236/jcpt.2018.81001 12 Journal of Crystallization Process and Technology


https://doi.org/10.4236/jcpt.2018.81001

D. Selzer et al.

As an example, the time evolution of this value is depicted in Figure 10 for
aqueous KNO, droplets in silicone oil at 7., = 15.3°C (Figure 10(a)) and
EGDS droplets in water at 7, = 54.7°C (Figure 10(b)). Solubility data for the
solute solvent system KNO,/H,O was derived by using a correlation from [37]. A
similar trend can be found for both substances at the experimental parameters
given. With proceeding time, the fraction of uncrystallized droplets decreases.
However, after a steep decay in the first 500 s, the number of uncrystallized
droplets decreases much more slowly at the end. We repeated the experiments
several times. No significant change of the crystallization behavior was visible.

To describe and interpret the experimental data obtained, three different
models from literature were used to fit the experimental data (see Figure 10):
i) a model with a single nucleation rate [38], ii) an exponential of a power law
(Weibull function) [39] and iii) the model of Pound and La Mer [40]. The cor-

responding equations are listed below.

i) P(t)=exp(—k-t) )
ii) P(t) = exp(~(t/zm)’ ) (3)
iii) P(t)= exp[—m(l—exp(kt))]+exp(—m)[exp(kot)—l] (4)

The first model assumes that the nucleation rate kis constant over time ¢ and
identical in all droplets, e.g. purely homogeneous or heterogeneous nucleation.
In the Weibull model the nucleation rate is changing over time and is given by
kw (t) = ptrY / /., . Bis an exponent and the parameter 7, is related to the
median nucleation time. In contrast, the model of Pound of La Mer assumes two
different, constant nucleation rates, a heterogeneous nucleation rate & and a
homogeneous nucleation rate &, Heterogeneous nucleation centers are randomly
distributed among the droplets. The average number of heterogeneous nuclea-
tion centers per droplet is given by m. Figure 10 shows the corresponding fitting
curves. The model with a single nucleation rate (blue dotted line) fits the data
insufficient. Both, the Weibull model (green dashed line) and the model of
Pound and La Mer (red solid line) are capable to describe the experimental data
well. Especially, considering that the Weibull model has just two parameters. So,
none of these two models can be discarded and their explanations may be valid
to explain droplet nucleation in our cases. The fit parameters for the models
from Equations (3) and (4) are summarized in Table 1. Relating the fit parame-
ters (& k;) of Equation (4) to the droplet volume ( Vyo; = 45.1 nl and Vpgps =
17.4 nl), volume specific nucleation rates are obtained. For KNO, the volume
specific heterogeneous nucleation rate is 11.5 X 10’ m~s™' and the volume spe-
cific homogeneous nucleation rate is 0.3 x 10’ m~s™". For EGDS we obtained
values 0f 29.3 x 10" m~s™" and 2.9 x 10" m~’s™".

It is noteworthy, that this behavior is present for both investigated substances,
an inorganic salt solution as well as an organic melt. For this reason, it seems
more reasonable that a general, non-substance-specific phenomenon, like active

heterogeneous centers, is present. Therefore, we dedicate the first mechanism to
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Table 1. Fit parameters for the experimental data from Figure 10.

Model

Substance Weibull Pound and La Mer

COD (1) B Tals] COD () k[107°s] K [107s7] m

KNO,/H,0 0.89 0.28 £0.01 8006 0.99 52+0.02 122+0.06 1.01+0.01
EGDS 0.96 0.47 £0.02 331+1 0.99 51+0.04 50.1+035 1.20+0.01

heterogeneous nucleation centers which are randomly distributed inside of the
droplets. Following the work of Pound and La Mer [40], the second slope could
be attributed to homogeneous nucleation. However, other microfluidic studies
showed that some kind of heterogeneous nucleation is more likely to be the un-
derlying nucleation mechanism [9] [11]. Further investigation is necessary to

gain evidence of the active nucleation mechanisms and is currently in progress.

4. Conclusions

In this paper, the suitability of a simple generic microfluidic tool for investigat-
ing crystallization is demonstrated. As microfluidic devices to conduct crystalli-
zation experiments are mainly made of PDMS, this polycarbonate based tool can
be seen as an alternative. Since PC is a material with good machining properties,
we proofed the fabrication of well-defined microfluidic devices with a high flex-
ibility in chip geometry by using a milling machine. Examination of the channel
surfaces with electron microscopy and a noninvasive optical method showed
that the surface roughness is in the same magnitude as materials used in com-
mon crystallization apparatuses.

Another benefit of PC is that reliable surface modification can be achieved
easily. As the successful droplet generation depends strongly on the surface wet-
ting properties of the microfluidic device, this allows for the generation of drop-
lets of both substances which require hydrophobic or hydrophilic surface prop-
erties. In our work, we demonstrated the controlled segmentation of aqueous
KNO,; solution and EGDS in highly monodisperse droplets using a T-junction.
No significant change in droplet generation and volume was noticed over several
sets of experiments using the same microfluidic device.

The suitability of this setup to investigate crystal nucleation for various appli-
cations was shown by means of cooling crystallization experiments on aqueous
KNO, solution and EGDS. To this end, the induction time of each individual
crystallization event during the experiments was determined using image analy-
sis software. From this data, we derived the evolution of the fraction of uncrys-
tallized droplets over time. Thus, using this experimental setup, the influence of
different conditions, for example, temperature, on crystal nucleation can be ex-
amined. Further, it is possible to derive nucleation kinetics and examine under-
lying mechanisms.

With respect to our results, we believe that our approach extends the common

microfluidic methods and enables new opportunities to investigate crystallization.
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